Abstract: Surface finish of the machined parts is one of the important criteria to judge the success of a machining operation. The value of optimum machining parameters (for better surface finish) can be either decided on the basis of a large number of experimental trails or design of experiments (DoE) can be used to predict the same with significantly lesser number of experimental trails. The purpose of this study was to demonstrate the application of Taguchi method to optimise the machining/cutting parameters for surface finish during turning of AISI 1018 steel under different cutting environments. Using MINITAB software, other statistical techniques such as analysis of variance (ANOVA) and test for equal variances were also performed to confirm results of Taguchi analysis and compare surface roughness under different cutting environments respectively. In addition to surface roughness, effect of different cutting parameters was also observed on workpiece-tool interface temperature.
Introduction
Machining is one of the frequently used manufacturing operations to get acceptable dimension in tolerance zone, good surface finish as well as requisite complex geometry (Dornfeld and Helu, 2007) . The growing demand of machining leads the researcher to analyse and eliminate several problems during the operation. As per the definition machining is a manufacturing process for the elimination of unnecessary material from the work piece surface in the form of chips to obtain the required dimension. Properties of tool and work piece (like composition, hardness, shape and size, etc.), cutting speed, feed rate, depth of cut and cutting environment are the main factors on which machinability depends (Juneja et al., 2003) . Turning is the most widespread method for machining. Turning is used to lessen the diameter of the work piece, usually to a specific dimension, and to obtain a smooth finish on the metal. The three crucial factors in any basic turning operation are cutting speed, feed, and depth of cut (Smith, 2008) .
Surface finish of machined part is an important quality characteristic that may dominate the functional requirements of many components (Droozda and Wick, 1983) , such as prevention of premature fatigue failure, improving corrosion resistance, reducing friction, wear, and noises thus finally improves the product life (Khan et al., 2009 ). Surface inspection is carried out manually by inspecting the machined surfaces. As it is a post-process operation, it becomes time-consuming as well as labourious. In addition, a number of defective parts can be found during the period of surface inspection, which leads to additional production cost (Xavior and Adithan, 2009) . So from economic point of view, it is very crucial to control surface finish during machining.
Various researchers have studied the turning process by using different materials, statistical methods and varying the parameters and cutting environment such as cutting speed, feed rate, depth of cut, nose radius of tool, dry cutting environment, wet cutting environment, etc. Ciftci (2006) had evaluated the results of experimental work in dry turning of AISI 304 and AISI 316 steels. It was found that the cutting speed considerably affected the surface roughness values. In contrast to the above study, Thamizhmanii et al. (2007) using Taguchi approach proved that depth of cut played a very significant role in producing better surface finish followed and cutting speed had lower effect on surface roughness. Singh and Rao (2007) conducted an experimental investigation to determine the effects different of cutting parameters on the surface finish in turning of AISI 52100 steel, using the response surface methodology (RSM). It was concluded that that feed rate was the most significant factor affecting surface finish followed by nose radius and cutting speed. Dhiman et al. (2008) analysed machining behaviour of AISI 1018 steel during dry turning. In this study cutting speed was again the most influencing factor and depth of cut had minimum effect on surface finish. Isik (2010) investigated effect of cutting fluid in turning of AISI 1050 steel. The cutting fluid considerably reduced the amount of heat and friction at workpiece-tool interface. For most tests in this study, cutting speed did not show a significant effect on surface finish for both dry and wet machining conditions. Surprisingly in some of the tests during this study surface finish deteriorated under wet machining. Selvaraj and Chandramohan (2010) investigated the influence of cutting parameters (cutting speed, feed rate and depth of cut) on the surface roughness of AISI 304 steel during dry turning using Taguchi's approach, orthogonal array, S/N ratio and analysis of variance (ANOVA). ANOVA results revealed that feed rate, cutting speed and depth of cut affected the surface roughness by 51.84%, 41.99% and 1.66% respectively. Suresh et al. (2012) analysed the effects of different machining parameters on surface finish of AISI 4340 steel. The combination of low feed rate and high cutting speed was found favourable for better surface finish. Lavanya et al. (2013) optimised the machining parameters in turning of AISI 1016 steel using Taguchi method and ANOVA. The statistical analysis concluded that cutting speed had a greater influence on the surface roughness followed by feed and depth of cut had least influence on surface roughness. Patel and Panchal (2014) did parametric analysis of dry and wet turning of AISI 4340 steel using full factorial method. Feed rate was the most significant parameter which contributed 62.52% in dry turning and 53.56% in wet turning operation. Abhang and Hameedullah (2014) analysed effect of machining parameters (cutting speed, feed rate, depth of cut and tool nose radius) in the turning of AISI 52100 steel using factorial design. The results revealed that with increase in feed rate and depth of cut, the surface finish deteriorated but with increase in cutting speed and tool nose radius, the surface roughness decreased. Azam et al. (2015) studied the effect of different parameters (feed rate, cutting speed and depth of cut) on surface roughness while turning AISI 4340 steel using RSM. The result revealed that feed rate was the most influencing factor affecting surface roughness. Surface finish bettered by increasing feed rate but changed negligibly by increasing the cutting speed and depth of cut. Debnath et al. (2016) analysed the effect of different flow rates of cutting fluid and cutting parameters on surface roughness of AISI 1018 steel. Using Taguchi method and ANOVA it was concluded that feed rate was the most influential factor (34.3%) for surface roughness and flow rate of the cutting fluid contributed 33.1% to the surface roughness.
It was discovered through literature survey that most of experimental work for investigation of effect of cutting parameters on surface roughness of steel was carried either under dry condition or wet condition. A systematic study is required to establish the results for surface roughness of AISI 1018 steel in dry and wet condition simultaneously with same cutting parameters, which would add up crucial data to the ongoing research of materials. AISI 1018 mild steel offers a good balance of toughness, strength and ductility and is suitable for the manufacture of machinery parts, special bolts, ratchets, non-critical components of tool and die sets, tool holders, pinions, dowels, chain pins, oil tool slips, tie rods, anchor pins and studs etc. The use of Taguchi approach and orthogonal arrays, instead factorial design, was suggested which would prevent wastage of time and resources. Additionally, in this study, an attempt has been made to compare the effect of different types of cutting fluid on surface roughness under similar cutting parameters.
Materials and methods
The cutting experiments were carried on conventional lathe machine (Kirloskar, India) using HSS M2 tool (Trident Tools Pvt. Ltd, India) for the machining of AISI 1018 steel bars. Chemical composition of AISI 1018 steel used for experimentation and specifications of cutting tool are given in Tables 1 and 2 respectively. A contact type profilometre (Mitutoyo Surfacetest SJ-400) was used for measuring surface roughness. To measure the workpiece-tool interface temperature digital infrared thermometer (MEXTECH-8811) was used. The factor levels of cutting parameters are shown in Table 3 . The experimental layout for the three cutting parameters using the L 9 orthogonal array is shown in Table 4 .
Table 3
Factor levels of cutting parameters 
Control factor Value at different levels
Statistical analysis of response data was done using MINITAB 17 software, which included Taguchi (S/N ratio) analysis, ANOVA, generation of regression equation and two tests for comparison of variances namely Bonett test and Levene test.
Results and discussions
The three cutting conditions were analysed separately as case 1, case 2 and case 3.
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Case 1 -dry turning
The value of S/N ratio for surface roughness and workpiece-tool interface temperature corresponding to each experimental run is given in Table 5 . Since the experimental design is orthogonal, it is then possible to separate the effect of each cutting parameter at different levels. The mean S/N response tables for surface roughness and workpiece-tool interface temperature are shown as Tables 6 and 7 respectively. In the response tables, value of 'delta' represents the difference in highest and lowest mean response of levels for the given cutting parameter. The relative influence of cutting parameter on response is described by 'rank'. So from the Tables 6 and 7 it is observed that spindle speed has greatest influence on surface roughness as well as on workpiece-tool interface temperature followed by depth of cut and feed rate. 
Figure 1
The main effects plot for S/N ratios for surface roughness for case 1 (see online version for colours)
Figure 2
The main effects plot for S/N ratios for workpiece-tool interface temperature for case 1 (see online version for colours)
The main effect plots for surface roughness and workpiece-tool interface temperature are given in Figures 1 and 2 respectively. In the plots, x-axis indicates the value of each cutting parameter at three level and y-axis indicates the response value. Horizontal line indicates the mean value of the response. The main effects plots are used to find out optimal factor settings to obtain optimum response. In Taguchi analysis, optimum response is obtained by maximising S/N ratio. Figure 1 shows that to reduce level of surface roughness, spindle speed should be set to its highest level, feed rate and depth of cut to their lowest level. Figure 2 shows that to reduce level of workpiece-tool interface temperature, spindle speed, feed rate and depth of cut should be set to their lowest level. General linear model (GLM) was used in ANOVA of surface roughness and temperature response. In ANOVA, the 95% confidence level was chosen to determine the factors effect on the surface roughness and workpiece-tool temperature. Tables 8 and 9 show the results of ANOVA for surface roughness and workpiece-tool interface temperature. From Table 8 , it is evident that spindle speed was the only significant factor which effected surface roughness having percentage contribution up to 76.01062%. After that second influencing factor was depth of cut having percentage contribution up to 16.32070% followed by feed rate having percentage contribution up to 5.34979%. It is the same order of significance for the cutting parameters on surface roughness, which was observed in Table 6 . Table 9 shows that spindle speed was the only significant factor which effected workpiece-tool interface temperature having percentage contribution up to 95.75940%. After that, second influencing factor was depth of cut having percentage contribution up 2.75516% and feed rate had very little role to play on workpiece-tool interface temperature. It is the same order of significance for the cutting parameters on workpiece-tool interface temperature which was observed in Table 7 . To obtain regression equation, the value of regression coefficients was calculated. The value of regression coefficients is given in Table 10 . The regression equation for surface roughness is given in equation (1), where S is spindle speed (RPM), F is feed rate (mm/rev) and D is depth of cut (mm). 
The values of surface roughness which are obtained from equation (1) are called fitted values (or fits) and the difference between a fitted value and experimental value is called residual. Figure 3 shows the normal probability plot of residuals for surface roughness. Figure 3 shows that the residuals lie reasonably close to a straight line implying that errors are distributed normally and giving support that the terms mentioned in the model are significant. The normal probability plot does not show any outliers at extremes. 
Case 2 -wet turning with water-based cutting fluid
The value of S/N ratio for surface roughness and workpiece-tool interface temperature corresponding to each experimental run is given in Table 11 . The mean S/N response tables for surface roughness and workpiece-tool interface temperature are shown as Tables 12 and 13 respectively. From the S/N response Tables 12 and 13 it is observed that spindle speed had greatest influence on surface roughness as well as on workpiece-tool interface temperature. Feed rate was the second influencing factor followed by depth of cut in case of surface roughness. But in case of workpiece-tool interface temperature, depth of cut had greater influence than feed rate. The main effect plots for surface roughness and workpiece-tool interface temperature are given in Figures 4 and 5 respectively. Figure 4 shows that to reduce level of surface roughness, spindle speed should be set to its medium level, feed rate and depth of cut to their lowest level. Figure 5 shows that to reduce level of workpiece-tool interface temperature, spindle speed, feed rate and depth of cut should be set to their lowest level. Tables 14 and 15 show the results of ANOVA for surface roughness and workpiece-tool interface temperature. From Table 14 , it is evident that spindle speed was the most significant factor which effected surface roughness having percentage contribution up to 92.06869%. The second significant factor was feed rate having percentage contribution up to 7.51567% and depth of cut had very little role to play on surface roughness. It is the same order of significance for the cutting parameters on surface roughness, which was observed in Table 12 . Table 15 shows that spindle speed was the only significant factor which affected workpiece-tool interface temperature having percentage contribution up to 84.32796%. The second influencing factor was depth of cut having percentage contribution up 13.03124% and feed rate had very little role to play on workpiece-tool interface temperature. It is the same order of significance for the cutting parameters on workpiece-tool interface temperature which was observed in Table 13 . The value of regression coefficients is given in Table 16 . The regression equation for surface roughness is given in equation (2), where S is spindle speed (RPM), F is feed rate (mm/rev) and D is depth of cut (mm). Figure 6 shows the normal probability plot of residuals for surface roughness. Figure 6 shows that the residuals lie reasonably close to a straight line implying that errors are distributed normally and giving support that the terms mentioned in the model are significant. The normal probability plot does not show any outliers at extremes. 
Case 3 -wet turning with mineral oil as cutting fluid
The value of S/N ratio for surface roughness and workpiece-tool interface temperature corresponding to each experimental run is given in Table 17 . The mean S/N response tables for surface roughness and workpiece-tool interface temperature are given below as Tables 18 and 19 respectively. From the S/N response Tables 18 and 19 it was observed that spindle speed had greatest influence on surface roughness as well as on workpiece-tool interface temperature. Feed rate was the second influencing factor followed by depth of cut in case of surface roughness. But in case of workpiece-tool interface temperature, depth of cut had greater influence than feed rate. The main effect plots for surface roughness and workpiece-tool interface temperature are given in Figures 7 and 8 respectively. Figure 7 shows that to reduce level of surface roughness, spindle speed should be set to its medium level, feed rate and depth of cut to their lowest level. Figure 8 shows that to reduce level of workpiece-tool interface temperature, spindle speed, feed rate and depth of cut should be set to their lowest level.
Figure 7
The main effects plot for S/N ratios for surface roughness for case 3 (see online version for colours) Figure 8 The main effects plot for S/N ratios for workpiece-tool interface temperature for case 3 (see online version for colours) Tables 20 and 21 show the results of ANOVA for surface roughness and workpiece-tool interface temperature. From Table 20 , it is evident that spindle speed was the most significant factor which effected surface roughness having percentage contribution up to 84.21849%. The second significant factor was feed rate having percentage contribution up to 14.79559% and depth of cut had very little role to play on surface roughness. It is the same order of significance for the cutting parameters on surface roughness, which was observed in Table 18 . Table 21 shows that spindle speed was the most significant factor which affected workpiece-tool interface temperature having percentage contribution up to 81.72006%. After that second significant factor was depth of cut having percentage contribution up 16.18506% and feed rate had very little role to play on workpiece-tool interface temperature. It is the same order of significance for the cutting parameters on workpiece-tool interface temperature which was observed in Table 19 . The value of regression coefficients is given in Table 22 . The regression equation for surface roughness is given in equation (3), where S is spindle speed (RPM), F is feed rate (mm/rev) and D is depth of cut (mm). Figure 9 shows the normal probability plot of residuals for surface roughness. Figure 9 shows that the residuals lie reasonably close to a straight line implying that errors are distributed normally and giving support that the terms mentioned in the model are significant. The normal probability plot does not show any outliers at extremes. 
Comparison of different cases
Surface roughness and cooling characteristics of different cutting conditions were compared using two tests namely Bonett test and Levene test assuming equal population variances. Both the tests were carried out at 95% confidence level. The comparison was done on the basis of the average surface roughness value and average workpiece-tool interface temperature. The values of average surface roughness and average workpiece-tool interface temperature of respective experimental run for case 1, case 2 and case 3 are given in Tables 5, 11 and 17 respectively. The variances of average surface roughness and average workpiece-tool values of two cutting conditions were assumed to be equal while comparison and hypothesis was tested using Bonett test and Levene test. Table 23 . The hypothesis was found true as p-value in any of the test is not less than 0.05; hence it can be concluded that there was no significant difference in surface roughness produced by virtue of these two different cutting conditions. For the comparison of workpiece-tool interface temperature of cases 1 and 2, the result of two tests namely Bonett test and Levene test are given in Table 24 . The hypothesis was found false as p-value in one of the test is less than 0.05; hence it can be concluded that there was significant difference in workpiece-tool interface temperature produced by dry turning and wet turning with water-based cutting fluid. Table 27 . The hypothesis was found true as p-value in any of the test is not less than 0.05; hence it can be concluded that there was no significant difference in surface roughness produced by the two cutting fluids. For the comparison of workpiece-tool interface temperature of Case 2 and Case 3, the result of two tests namely Bonett test and Levene test are given in Table 28 . The hypothesis was found true as p-value in any of the test is not less than 0.05; hence it can be concluded that there was no significant difference in variances of workpiece-tool interface temperature produced by these two cutting fluids.
Table 27
Tests for equal variances for surface roughness for two cutting fluids 
Confirmation tests
Conformation tests were performed taking the optimal levels of the given parameters for all the three cases. For case 1, i.e., dry turning the optimal levels of cutting parameters were spindle speed at level 3, depth of cut and feed rate at level 1. The experimental value of R a was found to be 4.05 μm which is very close to 3.9749 μm as predicted by equation (1). For case 2, i.e., wet turning with water-based cutting fluid, the optimal levels of cutting parameters were spindle speed at level 2, depth of cut and feed rate at level 1. The experimental value of R a was found to be 3.86 μm as predicted value was 4.1621 μm by equation (2). For case 3, i.e., wet turning with mineral oil as cutting fluid, the optimal levels of cutting parameters were spindle speed at level 2, depth of cut and feed rate at level 1. The experimental value of R a was found to be 3.73 μm as predicted value was 4.1090 μm by equation (3). The difference between predicted values and experimental values is very less (≤ 10%). So the mathematical model developed was found to be accurate.
Conclusions
This paper has presented the application of Taguchi design of experiments and statistical methods like S/N ratio analysis and ANOVA method for studying the effect of different cutting parameters on surface roughness during dry and wet turning of AISI 1018. In wet turning two different types of cutting fluids, namely water-based cutting fluid and mineral oil (straight cutting fluid), were used. Cutting performance of all three cutting conditions was compared using two tests namely Bonett test and Levene test on the basis of surface roughness and workpiece-tool interface temperature produced. The following conclusions were drawn from the experiment.
• In case of dry turning spindle speed (%C ~ 76%) was the most significant factor which effected surface roughness. After that second influencing factor was depth of cut (%C ~ 16%) followed by feed rate (%C ~ 5%).
• In case of wet turning with water-based cutting fluid spindle speed (%C ~ 92%) was the most significant factor which effected surface roughness. After that second influencing factor was feed rate (%C ~ 7%) and depth of cut had very little role to play on surface roughness.
• In case of wet turning with mineral oil as cutting fluid spindle speed (%C ~ 84%) was the most significant factor which effected surface roughness. After that second influencing factor was feed rate (%C ~ 15%) and depth of cut had very little role to play on surface roughness.
• In all the three cutting conditions, it was observed that spindle speed had greatest influence on workpiece-tool interface temperature and depth of cut was the second influencing factor followed by feed rate.
• It was confirmed with the help comparison of variances by two tests namely Bonett test and Levene test that there was no significant difference in neither surface roughness nor workpiece-tool interface temperature produced by two cutting fluids.
• Wet turning with water-based cutting fluid produced significant difference in workpiece-tool interface temperature produced when compared with dry turning but the surface roughness value did not differ significantly for these two cases.
• There was no significant difference in neither surface roughness nor workpiece-tool interface temperature produced when dry turning compared to wet turning with mineral oil as cutting.
• Confirmation tests confirmed that the difference between predicted values and experimental values is very less (≤ 10%). So the mathematical model developed was found to be accurate.
For further study new factors like different tool geometry, fluid flow rate, workpiece materials could be considered, a new type of experimental design and statistical analysis could be used, no interaction of factors was considered in the experiment, and interactions could be considered using larger design from experimental designs.
